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Edited by Ned ManteiAbstract Gustatory papillae and associated taste buds receive
and process chemical information from the environment. In
mammals, their development takes place during the late phase
of embryogenesis. However, the cellular factors that regulate
the diﬀerentiation of taste papillae remain largely unknown.
Here, we show by quantitative real time RT-PCR that both iso-
forms of tryptophan hydroxylase (TPH1 and TPH2), the ﬁrst
and rate limiting enzyme of serotonin (5-HT) synthesis, are ex-
pressed in developing circumvallate papillae. Immuno-staining
experiments further indicated that TPH is localized both in gus-
tatory ﬁbers and in diﬀerentiated taste receptor cells. These re-
sults point to the synthesis of 5-HT in gustatory papillae, and
allow one to hypothesize that the development of taste buds
might be modulated by serotonin.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Development1. Introduction
The sense of taste is devoted to the perception of the chem-
ical signals present in food and water. Like other sensory
modalities, the sense of taste relies on the existence of a cellular
network that recognizes, integrates and transmits the taste
information encoded in a sapid molecule. The ﬁrst element
of this cellular network is a class of specialized neuroepithelial
cells that are arranged in taste buds on the tongue which, in
turn, are located within three specialized structures: fungiform,
foliate and circumvallate papillae. Each taste bud contains 50–
100 taste receptor cells that establish synaptic contacts with the
terminal ends of primary sensory neurons of the facial, glosso-
pharyngeal or vagus nerves which transmit taste cell activation
in the periphery to the gustative areas of the brain.
Gustatory papilla and associated taste buds develop accord-
ing to a characteristic spatial and temporal pattern that begins
with the proliferation and evagination of the papillary epithe-
lium and growth of the supportive mesenchymal core. In mice,*Corresponding author. Fax: +33 2 40 67 50 12.
E-mail address: bolanos@nantes.inra.fr (F. Bolan˜os-Jime´nez).
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doi:10.1016/j.febslet.2006.08.078this process begins at embryonic day 12.5 and coincides with
the somato-sensory innervation of the tongue [1,2].
However, when endodermal explants from amphibians or
rodent tongue explants devoid of innervation are placed in cul-
ture, taste papillae develop with the same characteristics and
following the same diﬀerentiation pattern that in vivo [3,4].
Furthermore, taste bud precursors are present before the ton-
gue epithelium becomes innervated [5]. These observations had
led to the suggestion that the development of taste buds is an
inherent property of the lingual epithelium and that this pro-
cess is not dependent on sensory innervation [6,7]. Gustatory
nerve ﬁbers are nevertheless essential to taste bud survival. In-
deed, a progressive decrease in taste bud number is observed
after transection of the gustatory nerves and upon gustatory
re-innervation taste buds regenerate [8,9]. Moreover, the genet-
ic inactivation of brain-derived neurotrophic factor (BDNF)
or of neurotrophin 3 (NT3) induces a loss of gustatory inner-
vation as well as a severe reduction in the number of fungiform
papillae and circumvallate taste buds [10,11]. Thus, although
gustatory papillae might initially develop without innervation
support, neurotrophins and other not yet identiﬁed trophic
factors released by sensory ﬁbers are essential to sustain taste
bud diﬀerentiation and survival.
In addition to BDNF and NT3, developing taste epithelium
expresses several genes regulating diﬀerentiation, including so-
nic hedgehog, ﬁbroblast growth factor, bone morphogenetic
proteins Bmp2 and Bmp4 and NeuroD [12–15]. Recent
in vitro experiments have shown that the blockade of sonic
hedgehog activity increases the number of taste papillae, sug-
gesting that this morphogen directs cells toward a non-papil-
lary fate [16,17]. Yet, no in vivo evidence has been obtained
for the involvement of this developmental signal in the mor-
phogenesis of taste papillae.
The neurotransmitter serotonin (5-hydroxytriptamine or 5-
HT) is an important modulator of diverse physiological pro-
cess including peripheral taste signalling, cell diﬀerentiation,
axonal migration and craniofacial morphogenesis [18–20]. In
adult rodents, 5-HT is stored in [21–24] and released from
[22,25] a subset of type III taste receptor cells and regulates
taste perception within the taste bud through the inhibition
of calcium-activated potassium current and voltage-dependent
sodium current [26,27]. Given that type III cells form morpho-
logically identiﬁable synaptic contacts with aﬀerent taste ﬁbers
and that these ﬁbers express serotonergic 5-HT3 receptors
[28,29], it has been proposed that the release of 5-HT fromblished by Elsevier B.V. All rights reserved.
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output from the taste bud to the central nervous system [29].
This hypothesis has nevertheless been challenged by recent
ﬁndings showing that the genetic inactivation of 5-HT3 recep-
tors does not induce any modiﬁcation of taste perception,
either at the cellular or at the behavioural level [30]. On the
other hand, serotonin has been shown to regulate the innerva-
tion pattern of the rodent barrel ﬁeld in the somatosensory
cortex [31,32] and the segregation of the retinothalamic projec-
tions [33], through the activation of 5-HT1B receptors located
on thalamocortical axons [34,35]. Interestingly, serotonin has
been detected in basal taste cells from the axolotl [3] and frog
[36]. Moreover, the serotonin transporter and MAO B, an
enzyme involved in serotonin degradation, have been shown
to be expressed in the epithelium of the embryonic tongue
[37,38]. In the present study, we examined the expression in
developing taste papillae of tryptophan hydroxylase (TPH),
the ﬁrst and rate limiting enzyme of 5-HT synthesis.2. Materials and methods
2.1. Animals
All experiments were performed in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC)
regarding the care and use of animals for experimental procedures.
Time-pregnant C57Bl/6J mice were obtained from Charles River
(France), and placed under a 12 h light–dark cycle with food and water
ad libitum. The morning on which the dam was determined to be
sperm positive was considered day 0.5 postcoitus (d.p.c.) or embryonic
day 0.5 (E 0.5).
2.2. Real-time quantitative RT-PCR experiments
Quantitative real time PCR experiments were conducted on RNAs
extracted from whole tongue at E13 or from circumvallate papillae ob-
tained by microdissection at E15, E17 and P0. Given the small size of
the circumvallate papillae (1–2 mm of diameter in adult mice), tissues
from 2 to 4 embryos or neonatal mice were pooled. Total RNA was ex-
tracted using the Trizol reagent (Invitrogen) and treated with DNAse
(RNAse free) for 30 min at 37 C. Afterwards, 2 lg of puriﬁed RNA
was reversed-transcribed using Superscript II RNAseH-Reverse-Trans-
criptase (Invitrogen) in a total volume of 20 ll and the resulting cDNA
was diluted 50-fold in DNAse and RNAse free water. Thereafter, 4.5 ll
of each cDNA diluted sample were used as template for PCR ampliﬁca-
tion using SYBRGreen (Quiagen, Courtaboeuf, France) as ﬂuorogenic
intercalating dye and the iCycler iQ Real-Time PCR detection system
instrument from BioRad Laboratories (Hercules, CA, USA). PCR
parameters were: an initial denaturation step of 5 min at 95 C
followed by 40 cycles of 30 s at 95 C, and 30 s at 60 C. The primers
used for the ampliﬁcation were as follows: TPH1 forward, CAC-
GAGTGCAAGCCAAGGTTT; reverse, AGTTTCCAGCCC-CGA-
CATCAG (nucleotide positions 99–205 of the mouse TPH1 sequence
NM_009414); TPH2 forward, GAGTTGCTCCACGCT-TTGC;
reverse, ACACTCAGTCTACATCCATCCC (nucleotide positions
2044-2144 of the mouse TPH2 sequence NM_173391). Standard PCR
was carried out for 35 cycles of 60 s at 94 C, 60 s at 60 C and 90 s at
72 C with a ﬁnal extension cycle of 10 min at 72 C and the products
analyzed by agarose gel electrophoresis. The relative expression levels
of TPH1 and TPH2 mRNAs in the diﬀerent circumvallate papillae
samples was calculated using the comparative DCT method [39] and
ribosomal RNA (rRNA) as housekeeping gene. In brief, the threshold
cycle (CT), corresponding to the ampliﬁcation cycle at which the ﬂuores-
cence exceeds 10 times the standard deviation of the baseline, was deter-
mined for TPH1, TPH2 and rRNA in all the samples and within the
same experiment. The relative amount of TPH1 or TPH2 normalized
to the endogenous expression of rRNA was then calculated by the for-
mula 2DCT , where DCT = CT(TPH1 or TPH2) –CT(rRNA). The applicability
of the CT method was ﬁrst validated by determining how the ampliﬁca-
tion eﬃciencies of the two isoforms of TPH and rRNA genes varied
with template dilution. These preliminary experiments showed that
the eﬃciency of PCR ampliﬁcation was the same for the three genes.2.3. Immuno-histochemistry
For the immuno-histochemical detection of tryptophan hydroxylase,
dissected tongues from E15, E17, neonatal (P0) and 11-day-old (P11)
mice were immersed in an ice-cold ﬁxative solution containing 4%
paraformaldehyde in PBS. After ﬁxation overnight at 4 C, tongues
were cryoprotected in 30% sucrose-PBS for an additional period of
24 h, oriented in embedding material OCT and stored at 80 C until
use. Cryostat lingual sections (16 lm) containing the circumvallate
papillae were washed in PBS, incubated in blocking buﬀer (0.5 mg/
ml bovine serum albumin, 3% goat serum, 0.3% Triton X-100 in
PBS), for 1 h and then exposed to a mouse monoclonal anti-TPH anti-
body (Clone WH-3, Sigma) in blocking buﬀer for 48 h at 4 C at a dilu-
tion of 1: 250. After removal of the primary antibody solution, sections
were washed 4 · 5 min with PBS and incubated in the dark with biotin-
ylated anti-mouse secondary antibodies (Molecular Probes), then
rinsed with PBS and reacted with Alexa488-conjugated streptavidin.
Gustatory nerve ﬁbers were detected with a rabbit polyclonal antibody
against ubiquitin carboxyl terminal hydrolase (PGP 9.5) from Biogen-
esis. Diﬀerentiated taste cells were visualised with gustducin (Santa
Cruz Biotechnology, Santa Cruz, CA). For the double labelling with
anti-THP and gustducin antibodies, sections were incubated with a
mixture of 1:250 TPH and 1:1000 gustducin at 4 C for 48 h. Following
4 · 5 min washings with PBS at RT, sections were exposed to a mixture
of secondary antibodies (biotinylated goat anti-mouse and goat anti-
rabbit Alexa 568) followed by Alexa-488-conjugated streptavidin. In
all cases, after removal of the secondary antibody, the sections were
washed three times for 10 min each with PBS, mounted under cover
slips with VectaShield (Vector Labs, Burlingame, CA) and docu-
mented with a Leica TCS-SP1 confocal laser-scanning microscope
(Heidelberg, Germany). Image processing was performed using the
TCS-NT software (Leica, Heidelberg, Germany).3. Results and discussion
3.1. Expression of TPH in embryonic taste papillae
There exist two highly homologous forms of tryptophan
hydroxylase: TPH1 and TPH2. The former form is expressed
in the pineal gland and the enterochromaﬃn cells of the intes-
tine, while the latter one is responsible of the synthesis of 5-HT
in the central nervous system [40]. Accordingly, RT-PCR
experiments were conducted with primers that recognize
unique sequences of mouse TPH1 and TPH2 and allow
diﬀerentiating between these two forms of the enzyme. The
5 0 upstream region recognized by the forward TPH1 primer
does not exist in TPH2 and, conversely, the far 3 0 region ampli-
ﬁed with the TPH2 primer set has nothing in common with the
TPH1 mouse sequence. Ampliﬁcation of circumvallate papillae
cDNA with primers for TPH1 and TPH2 gave a single product
of the expected size as determined by agarose gel electrophore-
sis (Fig. 1A). In addition, a single peak was observed for each
of the products by melting curve analysis (not shown). No
signals were obtained in controls without reverse transcriptase.
In circumvallate papilla, both TPH1 and TPH2 genes were
detected as early as 15 days of embryonic development
(Fig. 1A). However, positive signals were also obtained in
RT-PCR ampliﬁcation experiments with RNA from whole
tongue at 13 days of gestation (data not shown), indicating
that the expression of TPH1 and TPH2 in the developing ton-
gue takes place at the onset of the diﬀerentiation of taste papil-
lae [1,2]. Altogether, these results clearly show that the
transcripts of both tryptophane hydroxylase isoforms are ex-
pressed in developing circumvallate papillae. Quantitative real
time RT-PCR analysis indicated, however, that TPH2 is ex-
pressed at much higher levels than TPH1 (Fig. 1B). Moreover,
while the relative abundance of TPH1 mRNA in the circum-
vallate papillae remains constant through the three develop-
Fig. 1. Identiﬁcation and relative abundance of TPH1 and TPH2
transcripts in developing mouse taste papillae. Real-time PCR exper-
iments were performed using cDNA reversed-transcribed from total
circumvallate papillae RNA of embryos at 15 and 17 d.p.c or of
neonatal mice (P0). Triplicate determinations were made for each assay
condition. In (A), representative gel electrophoresis of the PCR
reaction products from with (+) or without () reverse transcriptase.
(B) Histograms illustrate the expression levels of TPH1 and TPH2 in
relation to those of the endogenous rRNA ampliﬁed within the same
sample and under the same experimental conditions. Each bar
represents the mean ± S.E.M. of two independent experiments per-
formed with two diﬀerent RNA samples. All determinations were done
in triplicate and there was less that 5% variation among them.
**P < 0.05 when compared to the expression of TPH2 at E15 or E17
(unpaired Student’s t-test).
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expression levels of TPH2 from E15 to P0 (Fig. 1B).
3.2. Cellular localization of TPH in taste papillae
To determine the cellular expression proﬁle of TPH, para-
sagital sections of E15, E17 and neonatal mouse tongues
containing the circumvallate papillae were stained with the
monoclonal antibody MaWH3 (Sigma). There is only one ami-
no acid diﬀerence between TPH1 and TPH2 within the epitope
sequence recognized by this antibody [41], and consequently it
has previously been used to visualize the expression of both
TPH1 in the gastrointestinal tract [42] and TPH2 in the brain
[43,44]. At E15 and E17, intense TPH stained ﬁbers were ob-
served just below the developing papillae epithelium (Fig. 2A
and B). At P0, TPH immunoreactivity was found in the nerve
plexus within the circumvallate papillae and in the nerve ﬁbers
surrounding the trench wall epithelium (Fig. 2C). Control sec-
tions in which the primary antibody was replaced with PBS did
not yield any positive immuno-staining (Fig. 2D).
In order to clearly ascertain the expression of TPH in gusta-
tory ﬁbers, we undertook a comparative immunohistochemis-
try analysis with TPH and PGP 9.5 antibodies. The antibody
to PGP 9.5 stains peripheral nerve ﬁbers irrespective of their
neurotransmitter content, and is widely used to visualize lin-
gual and gustatory papillae innervation. As shown in Fig. 2C
and 2F, the antibodies to TPH and PGP 9.5 produced a nearly
identical pattern of staining in neonatal tongue sections. Inparticular, numerous TPH and PGP-stained ﬁbers arising
from the central plexus can be seen to penetrate into the apical
epithelium of the circumvallate papillae, the region in which
taste buds ﬁrst diﬀerentiate. However, while some PGP 9.5
labelled cells are present in the dorsal epithelium of the circum-
vallate papillae (Fig. 2F), no TPH-labelled cells were seen
(Fig. 2C).
Previous studies in adult rodents have consistently shown
that 5-HT is stored in a subset of diﬀerentiated type III taste
receptor cells [21–24], but it has not been determined whether
taste serotonin containing cells have also the capacity to syn-
thesize 5-HT. To determine whether or not TPH is exclusively
expressed in aﬀerent gustatory ﬁbers, and since the diﬀerentia-
tion of taste cells takes place mainly at the post-natal age, we
performed double labelling of P11 lingual sections with TPH
and gustducin, a G-protein a-subunit involved in the transduc-
tion of sweet and bitter signals. As expected, many diﬀerenti-
ated gustducin-stained cells were observed within the taste
buds of the circumvallate papillae (Fig. 3B and E). As illus-
trated in Fig. 3A, the central plexus of the circumvallate papil-
lae still exhibited intense TPH-immuno-staining at P11. In
addition, bright and well delineated taste cells immuno-posi-
tive for TPH could be observed intercalated among gustducin
labelled cells (Fig. 3C and F). Detailed confocal microscope
examination further showed that TPH stained cells are either
single labelled with TPH or co-express both gustducin and
TPH (Fig. 3F). This is a striking observation because gust-
ducin is a marker for some type II taste receptor cells. Type
II cells express all the proteins needed for taste transduction
including sweet and bitter receptors but do not form classical
synapses with aﬀerent gustatory nerves. Additional experi-
ments are needed to fully characterize the type of diﬀerentiated
taste receptor cells expressing TPH as well as the cellular
expression pattern of TPH1 versus TPH2 in the gustatory
epithelim.
Serotonin synthesis in mammals has been demonstrated to
take place in the neurons of the raphe located within the brain
stem, the neuroepithelial bodies of the lung, the parafollicular
cells of the thyroid and in the entherochromaﬃn cells of the
gut epithelia. To date, neither the presence of serotonin or of
TPH in gustatory nerves nor the synthesis of 5-HT in taste papil-
lae have been described. The present study is the ﬁrst to show
that 5-HT can also be synthesized in the gustatory epithelium.
We focused our analysis on the circumvallate taste papillae
because in rodents this in the only gustatory tissue in which
the presence of 5-HT has been documented. We can not ex-
clude, however, the possibility that tryptophan hydroxylase
is also expressed in fungiform and foliate papillae. Further
studies are necessary to explore this possibility.
The expression of TPH in taste papillae is in line with previ-
ous reports showing that some diﬀerentiated taste receptor
cells possess phenotypical characteristics of serotonin cells.
Notably, they contain serotonin and express the 5-HT trans-
porter [23] as well as MAO B [45], an enzyme involved in sero-
tonin degradation. In conjunction with the herein reported
results, these observations point to the existence of a seroto-
ninergic system inherent to the lingual epithelium. Moreover,
given the expression of TPH in gustatory nerve ﬁbers during
the early morphogenesis of taste papillae, one can hypothesize
that, in addition to its role in taste signalling, serotonin might
also be involved in the regulation of taste bud and/or papillae
development.
Fig. 2. Immunohistochemical localization of trytophan hydroxylase in the lingual epithelium. Confocal ﬂuorescence photomicrographs of
longitudinal lingual sections from 15 (A) and 17 d.p.c embryos (B) or from neonatal mice (C) immunostained with a monoclonal antibody
recognizing a common epitope to TPH1 and TPH2. (D) P0 section illustrating that no signal is seen in the absence of the TPH antibody. (E)
Diﬀerential interference contrast image of (D). (F) Immunohistochemical image of a P0 section stained with PGP 9.5. An extensive nerve plexus
strongly stained with TPH is observed underlying the embryonic and the neonatal papillae. At P0, numerous ﬁbers from the plexus can be visualised
as they enter the apex of the papillae and extend into the diﬀerentiated taste buds (arrows, C and F). Note the very similar pattern of staining
produced by the TPH and PGP 9.5 antibodies. Arrows indicate developing taste buds. Scale bar represents 25 lm in (A), 35 lm in (B) and 50 lm in
all the other panels.
Fig. 3. Confocal images of P11 circumvallate papillae sections double-labelled with TPH (green) and gustducin (red). Lower panels represent a
higher magniﬁcation of the boxed region in (A). (C) and (F) are overlay images of (A) and (B) and of (D) and (E), respectively. Clearly delineated
TPH immuno-positive taste receptor cells can be seen intercalated among gustducin stained cells. Note the double labelled taste receptor cell in (F).
Scale bar represents 70 lm in panels (A)–(C) and 35 lm in panels (D)–(F).
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